1. How species coexist is a central question in ecology. Niche differentiation can prevent two species from excluding each other by competition. However, this interaction can vary in space because of internal factors such as intraspecific genetic variation, or external ones such as the presence of a third species. While these effects have been repeatedly observed, their joint effect on the outcome of competition has rarely been considered. 2. We experimentally investigated how a dominant ecosystem engineer (the shrub Thymus vulgaris) affects interactions between two co-occurring and closely related annuals (Medicago minima and M. rigidula). We ask first whether the outcome of their interaction depends on the genetic identity of the competitors, and in particular whether intraspecific interaction differs between genetically related versus unrelated conspecifics. Secondly, we ask whether coexistence of the two species is modified by the presence of thyme plants altering local soil conditions. 3. We grew genotypes collected in nature of both annual species in inter-and intraspecific competition experiments using soil collected directly underneath thyme plant (thyme soil) and soil collected away from thyme plants (no-thyme soil). 4. We found that thyme soil affected interactions in a way that shifted the species' rank. Crucial for this result was the division of intraspecific competition between genetically related and unrelated individuals. Intraspecific competition was significantly less detrimental to kin than to unrelated conspecifics. In highly structured plant populations, such effects could favour local dominance of a patch by one species. However, this kin effect occurred for each species only in its preferred soil (thyme vs. no thyme), promoting a stabilizing coexistence mechanism at the landscape level. 5. Synthesis. This study shows that the importance of intraspecific competition relative to interspecific competition can be highly dependent on the genotype identity of intraspecific competitors and of the local environment in which the interaction occurs. The local environment can itself be modified by the presence of a third species in the community. These results emphasize how, in order to understand the overall problem of species coexistence, it can be insightful to divide this into smaller local-scale problems of coexistence.
Introduction
Understanding species coexistence is one of the main questions of ecology. Coexistence has been attributed to distinct niches (Chesson 2000) as well as trophic interactions regulating populations of competitors (Holt & Lawton 1994; Abrams 1999) , but there remain blind spots in this broad picture.
First, models of species-species interactions do not traditionally account for variation within species. However, an increasing number of plant-plant interaction studies show that intraspecific genetic variation can have important ecological consequences for interspecies interactions (Fridley, Grime & Bilton 2007; Fridley & Grime 2010; Genung, Bailey & Schweitzer 2012) and that variation among genotypes may be just as, or even more important than variation among species in determining species coexistence (Aarssen & Turkington 1985; Lankau & Strauss 2007; Fridley & Grime 2010) . Competition is expected to become stronger as individuals become more similar in their resource requirements. Because genetic similarity is expected to reflect similarity in resource requirements, negative effects of competition should increase with the genetic relatedness between competing individuals (Young 1981; Kelly 1996; File, Murphy & Dudley 2012) . However, some plants species exhibit positive interactions when interacting with genetically related conspecifics resulting in kin facilitation (Willson et al. 1987; Donohue 2003; Biernaskie 2011; McIntire & Fajardo 2011) . In this case, and contrary to resource partitioning hypothesis, interacting with closely related individuals could create a positive frequency dependency among genetically related individuals who perform better when interacting with a kin compared to a nonrelated conspecific. This alteration in the outcome of intraspecific competition depending on the genetic relatedness may in turn affect predictions for species coexistence. Depending on how frequently kin interactions occur, kin facilitation could alter overall the relative fitness difference between species and the relative impacts of intra versus interspecific competition. For plant species with limited dispersal and little outcrossing, the nearest neighbour is often a genetic relative thus making the distinction between kin versus nonkin interaction highly relevant. Previous studies have addressed how kin competition impacts intraspecific competition either positively via kin facilitation or negatively via decreased resource partitioning (e.g. Argyres & Schmitt 1992; Andalo, Goldringer & Godelle 2001; Cheplick & Kane 2004; Biernaskie 2011) , but such studies are rarely related to species coexistence where the different types of intraspecific competition (genetically related versus unrelated) should be compared to relevant estimates of interspecific competition with frequent competitor species.
Secondly, the nature of interactions between species from the same trophic level may be more diverse than just direct effects of competition. Microenvironmental variation in, for example, soil nutrient or light is known to modulate inter and intraspecific plant-plant interactions (Vavrek 1998; Garcia-Cervigon et al. 2013) . Variation in microenvironmental conditions is often largely influenced by other members of the community, especially dominant species that act as engineer species (Jones, Lawton & Shachak 1994; Erwin 2008) by modifying the access to light, water or the chemical composition of the soil. Such dominant species have the potential to indirectly modify plant interactions in their associated community (Brooker et al. 2008; Sch€ ob, Armas & Pugnaire 2013; Michalet et al. 2015) . In agreement with this viewpoint, many studies have documented differences in richness and composition of plant communities with or without the dominant species (Badano et al. 2006; Pakeman et al. 2006; Cavieres & Badano 2009; Ehlers, Charpentier & Grøndahl 2014) . The engineer species may indirectly promote coexistence of each competitor by locally modifying the environment and generating a mosaic of microhabitats. The mechanism could be either that the corresponding microhabitats switch the competitive ranks of the competing species (stabilizing mechanisms sensu Chesson 2000) . Another possibility is that the habitat modification caused by the engineer species reduces the competitive differences between competing species, thereby delaying deterministic competitive exclusion and promoting long-term coexistence (equalizing mechanisms sensu Chesson 2000) . In support of the latter mechanism, some studies show decreased competition intensity between beneficiary species around nurse plants (Kunstler et al. 2006; Saccone et al. 2010) .
Thus, both genotype-dependent effects and indirect interaction effects can impact the outcome of plant-plant interactions. However, these two effects have rarely been studied together leaving a knowledge gap as to whether genotypedependent interactions may be modified by indirect interaction effects to an extent where it impacts species coexistence.
In this article, we experimentally investigate the plant-plant interaction between species and between genotypes within species in two closely related herbaceous annual species (Medicago minima L. and M. rigidula L.), and how these interactions may be indirectly modified by a well-known ecosystem engineer (the perennial shrub Thymus vulgaris L.). The two Medicago species frequently co-occur in the same plant communities and can be considered ecologically equivalent as they share habitat, annual life-form and both reproduce through selfing. Thymus vulgaris (wild thyme) is a dominant aromatic perennial shrub and a common neighbour to Medicago plants. Monoterpenes are the dominant molecules of thyme aromatic oil, and these compounds are known for their allelopathic properties (Langenheim 1994) . The aromatic oil is sequestered in glandular trichomes on leaves and stems and enters the soil during litter decomposition of thyme leaves. Thyme grows patchy in the study area creating a mosaic of soil environments either modified or not by exudation of thyme allelochemicals that can be separated in distance by just a few metres.
We carried out competition experiments between species and genotypes of the two Medicago species on two soil types: thyme soil and no-thyme soil. To assess the presence of genotype-dependent plant-plant interactions, we hypothesize that, without kin facilitation, negative effects of competition should increase with the genetic relatedness. Therefore, plant performance should be highest under interspecific competition, followed by intraspecific competition between genetically unrelated conspecific, and by genetically related conspecifics (kin). However, if either of the Medicago species exhibit kin facilitation, we expect that performance of plants interacting with a kin should be higher than when interacting with an unrelated conspecific. Whether such variation in intraspecific competition would impact predictions for species coexistence depends on the impact of kin interaction relative to interspecific interaction. Moreover, to assess whether species and genotype-dependent interactions are indirectly modified by the presence of a third speciesthymealtering local soil conditions, we hypothesize that: (i) Thyme may promote a stabilizing mechanism for their coexistence at the landscape scale if the superior species in a plant-plant interaction shifts rank between soil microenvironments with and without thyme allelochemicals and (ii) Thyme may promote an equalizing mechanism for coexistence if one species is consistently superior to the other, but their fitness inequality is reduced on thyme soil, for instance by reducing the interaction intensity.
Materials and methods

S T U D Y S P E C I E S
In this study, we used a total of eight different genetic families (hereafter genotypes), four genotypes from each species. Genotypes were obtained in the following way: fruits from Medicago minima and M. rigidula were collected from four different natural sites in the valley of St Martin de Londres in Southern France where both species co-occur. Sites were separated by distances of 500 m to 2 km. At each of the four sampling sites, wild thyme was a dominant component of the vegetation. Seeds collected from the individual Medicago plants were grown in a common glasshouse environment for one generation of selfing and seeds from these glasshouse plants were used in the experiment. Due to the autogamous mating system, sampling of seeds from different maternal plants within a site may still be from the same genotype. To reduce the probability that genotypes were identical, we therefore used only one genotype from each species from each of the four sampling sites.
C O -O C C U R R E N C E A T S A M P L I N G S I T E S
The four sites from which the Medicago genotypes originated were part of a previous larger vegetation survey where plant species richness and identity in microenvironments with and without thyme were monitored in a large number of communities (Ehlers, Charpentier & Grøndahl 2014) . At each site, 50 quadrats (1 9 0.5 m) were laid out with thyme being present in 25 of the quadrats and absent in the remaining 25 quadrats. We used these data to extract the number of quadrats where each of the two study species was observed, and the number of quadrats where both were coexisting. Overall, M. minima was more frequent than M. rigidula except at site C279, and both species were found in quadrats with and quadrats without thyme (Table 1) . Close co-occurrence is reported as the number of quadrats where both species are found together in proportion to the number of quadrats where co-occurrence would be possible, that is number of quadrat containing the least frequent species.
E X P E R I M E N T A L S E T U P
Germination
The experiment was carried out in the glasshouse and outdoor experimental garden facilities at Centre d'Ecologie Fonctionelle et Evolutive (CEFE), CNRS, Montpellier from mid-March to late July 2013. To maximize seed germination, seeds were first scarified with sandpaper and then put in petri dishes containing wet filter paper for 48 h. After soaking, seeds were sown in seed trays containing sterile soil, with seeds from each genotype sown in separate seed trays, in a glasshouse kept at a constant temperature of 20°C. After germination, seedlings were transferred to individual pots and grown there for 2 weeks before being transplanted to the experimental design.
Soil
Two types of soil were used for this experiment: soil collected directly underneath thyme plant (thyme soil) and soil collected away from thyme plants (no-thyme soil). The origin of both soil types was from the experimental garden facilities at CEFE. In 2000, a large number of thyme plants had been planted into one single experimental field. Thyme plants had thus grown in the field for 13 years when this experiment was performed. Thyme soil consisted of topsoil collected from underneath these thyme plants, and nothyme soil consisted of topsoil collected from the same field but where no thyme plant was growing within 3 m. By using this soil, we minimize any effect of soil origin as both types of soil originate from the same locality, and the major difference is whether the soil had been affected by thyme terpenes leaching to the soil or not. Thyme plants produce different monoterpenes as the main constituent of their oil, and several different chemical types (so-called chemotypes) exist in the area where the Medicago plants originate. In this experiment, we collected topsoil under thyme plants of different chemical types and mixed these. Hence, our experiment does not differentiate between topsoils collected under thyme plants that differ in their chemotype, but represent more generally the difference between topsoil either affected or not by thyme chemical compounds.
Experimental design
Pots were prepared in the following way: each pot (1 L) was filled up to one-third with a sterile standard soil mix produced at the CEFE facilities. Pots where then either filled up with topsoil from thyme soil or no-thyme soil. Seedlings of the Medicago genotypes were transplanted to these pots following the design in Table 2 . The design was 
X X not fully factorial (because of space and time constraints), instead each genotype was grown with two different conspecific genotypes (intra) and two genotypes of the competing heterospecific species (inter). In addition, each genotype was also grown with a genotype identical to itself (intra-own) and grown alone (without a neighbour plant). Each genotype combination was replicated three times on each of the two soil types. The entire experiment consisted of 336 plants growing in 192 pots. When transplanting, care was taken to choose similar sized seedlings of each species. Pots were placed outside on a single large table raised 1.20 m from the ground. Mortality was monitored daily in the first week, and if a seedling had died, it was replaced. After the first week, it was assumed that mortality caused by stress or damage due to transplantation was minimal and the experiment began. Location of pots on the table was randomized every second day to avoid any position effect. Plants were watered regularly with a hose until the onset of the summer drought period in July where the experiment was ended. This represents the timing where plants would begin to set fruits in nature before ending their annual life cycle. We recorded the survival of plants at the end of the experiment as a measure of their fitness as plants that did not survive until this period would not have produced any offspring.
All surviving plants were cut off directly above the point where the roots begin to proliferate. The harvested plant material was initially kept at room temperature for 1 month and then oven dried for 60 h at 70°C. Biomass (dry weight) for each plant was measured using a 0.01 lg precision balance.
A N A L Y S I S
We used generalized linear model assuming a binomial distribution and the logit link function to analyse survival of all plants. We analysed the survival of plants grown without a competitor (i.e. alone) and those grown with a competitor separately.
We analysed the effect of focal species, focal genotype (nested within species), soil type and for plants grown with a competitor also for the effect of competition type (inter, intra and intra-own) and all interactions between these. We treated species, genotype, soil type and competition type as fixed effects. Survival of plants grown in the same pot do not represent independent outcome, and to account for this, we added pot identity as a random factor to our models. The generalized linear mixed model described above was fitted by maximum likelihood. This was done with the R statistical package lme4 using the function lmer and using Laplace approximation and the optimizer 'bobyqa'. We did backward model reduction, and the significance of the predictors was obtained by Likelihood ratio test.
The intensity of interaction was calculated using the relative interaction index RII (Armas, Ordiales & Pugnaire 2004) as:
where P T-N and P T+N are survival of target plant (P T ) in the absence (-N) and presence (+N) of a neighbour. This is a symmetric index where positive values indicate facilitation (plant survival higher in presence of neighbour) and negative values competition (plant survival higher in the absence of a neighbour). We calculated the relative interaction index for survival using the average survival of all plant with same focal genotype*treatment combination.
RII was analysed using a linear model assuming normally distributed errors. As the RII was calculated based on the average survival of each focal genotype*treatment combination, the number of dependent RII values was reduced relative to the full data set and therefore did not allow for a full model testing all predictors (species, genotype, competition type, soil type and their interactions) simultaneously. We first analysed the effect of species, soil type, competition type and all interactions between these, treating all predictors as fixed effects. In order to test for the effect of focal genotype and its dependency on soil, we subsequently analysed RII with the model: RII = genotype + soil type + genotype*soil type. We subsequently tested whether RII values were significantly different from zero using a one-sample t-test.
The biomass data were used to firstly test for differences between plants growing alone versus in competition on each soil type. As the final biomass of a plant grown with a competitor would depend on whether the competing plant died or not, we only used pots from the competition experiment where both plants survived to assess differences in biomass between plants grown alone versus in competition. Secondly, we selected the biomass data from plants grown in intraspecific competition. We used this subset to test for difference in biomass between plants growing in the same pot depending on whether they interacted with a conspecific genotype (intra) or an identical genotype (intra-own). As before, we only used the pots where both plants survived. We hypothesize that plants of identical genotypes are expected to be more similar in resource requirements and acquisition and thus competes more 'equally' relative to conspecific but non-identical genotypes. A more 'equal' competition should result in a smaller difference in biomass between plants in the same pot relative to a situation of more non-equal competition. For each species and on each soil type, we therefore analysed the numerical difference in biomass between two plants grown in the same pot for the effect of intraspecific competition type (intra and intra-own). We analysed the biomass data using a linear model assuming normal distributed errors.
All analyses were carried out in R using the package lme4 version 1.1-7 (Bates et al. 2014) .
Results
S U R V I V A L
When examining plants grown without a competitor, we found no difference in survival between either species (v 2 = 0.40, df = 1, P = 0.52) or genotypes (v 2 = 5.79, df = 6, P = 0.45). Medicago minima grown alone survived equally well on both soil types, but M. rigidula tended to survive better in thyme soil (P = 0.058).
For plants grown with a competitor, we found that survival was affected by a significant three-way interaction between species*soil type*competition type. (v 2 = 8.83, df = 2, P = 0.01, Fig. 1 ). When dividing intraspecific competition into competition between non-identical genotypes and identical genotypes (intra vs. intra-own), the interaction outcome depended highly on species and soil type. M. minima plants interacting with a neighbour plant of an identical genotype (intra-own) had the highest survival of all interaction types on no-thyme soil (Fig. 1 , no-thyme soil), but this same interaction had low survival on thyme soil (Fig. 1, thyme soil) . In contrast, M. rigidula plants interacting with their own genotype had the poorest survival of all interaction types on no-thyme soil (Fig. 1, no-thyme soil) , but high survivalcomparable to that of interspecific interactionon thyme soil (Fig. 1, thyme soil) .
Thus, on no-thyme soil M. rigidula follows the expectation of resource partition hypothesis showing increasing negative effects of competition with increased genetic similarity of competitor, but not on thyme soil where a higher survival of intra-own compared to intra suggests positive kin interaction between similar genotypes. An almost reverse pattern was found for M. minima, following expectation of resource partition hypothesis on thyme soil but showing strong evidence of positive kin interaction on no-thyme soil.
We further analysed the two-way interactions and main factors by dividing the data between soil types. We found significant effects of the interaction between species and competition on no-thyme soil (species*competition type: v 2 = 7.9, df = 2, P = 0.02) and species (v 2 = 9.2, df = 1, P = 0.002), but the interaction effect was not significant on thyme soil (P = 0.52). On no-thyme soil, M. minima survived better than M. rigidula mainly due to the large difference in the effect of intra-own competition between the two species (Fig. 1, no-thyme soil) .
Estimates of the relative interaction intensity (RII) did not differ between species (F 1,43 = 0.16, P = 0.69) or competition type (F 2,43 = 0.99, P = 0.38) but varied with soil (F 1,43 = 6.11, P = 0.017). Both species showed lower RII estimates on thyme soil and higher on no-thyme soil (Fig. 2) . On no-thyme soil, mean RII across species and competition type was positive and near significantly different from zero (t-test: t = 2.1, P = 0.05); on thyme soil, it was negative but not different from zero (t-test: t = 1.4, P = 0.17). The interaction intensity varied among focal genotypes (F 7,43 = 7.3, P < 0.001), and the effect of focal genotype varied with soil type (F genotype*soil 7,43 = 3.15, P = 0.01, Fig. 3 ). The magnitude of interaction intensity of the same focal genotype Plants were growing with a competitor on thyme soil (T) or no-thyme soil (NT) and interacting with either a heterospecific plant genotype (inter) or a conspecific plant genotype that is either identical (own) or not (intra) to the focal plant genotype. Across interaction types (inter, intra, and own), RII values on no-thyme soil were significantly higher than on thyme soil (P = 0.017). Horizontal line marks RII = 0. Positive RII values indicate facilitation and negative values competition. Mean RII values different from zero is marked with an asterisk (P < 0.05).
growing with a neighbour plant on no-thyme soil and thyme soil spanned a range of up to 0.4.
B I O M A S S
Medicago rigidula had a higher biomass than M. minima. For both species, plants grown on no-thyme soil had a higher bio-mass than plants grown on thyme soil (M. minima: F soil 1,90 = 15.16, P < 0.001, M. rigidula: F soil 1,74 = 5.79, P = 0.01). On no-thyme soil, we found no difference in biomass between plants grown alone and plants grown in competition (irrespective of competition type) (Biomass M. minima alone versus in competition F 1,71 = 0.17, P = 0.68, and biomass M. rigidula alone versus in competition, F 1,50 = 0.48, P = 0.49, Fig. 4 ). However, on thyme soil, plants grown alone had higher biomass than plants grown in competition (M. minima alone versus in competition F 1,51 = 5.2, P = 0.03, and M. rigidula alone versus in competition: F 1,60 = 3.97, P = 0.05, Fig. 4 ). For both species and on both soil types, plant biomass among the three competition types, inter, intra, and intra-own, did not differ (Tukey's HSD P > 0.05).
The difference in biomass between plants grown in the same pot did not differ between intra versus intra-own competition for any of the species and soil types, except for M. minima on thyme soil where the difference in biomass was actually larger between identical genotype compared to conspecific (M. minima biomass difference in mg dw (AE SE) on thyme soil: intra: 0.12 (AE 0.04) versus intra-own: 0.26 (AE 0.04), t = 2.38, P = 0.027, N = 22 pots, on no-thyme soil: intra: 0.15 (AE 0.04) versus intra-own: 0.19 (AE 0.03), t = 0.76 P = 0.45, N = 40 pots). For M. rigidula, there was an opposite but non-significant trend towards larger differences in biomass between plants grown in intra-relative to intra-own competition (Difference in biomass on no-thyme soil; intra 0.33 (AE 0.06) versus intra-own 0.26 (AE 0.09), t = 0.61, P = 0.54, N = 22 pots, and on thyme soil; intra 0.37 (AE 0.13) versus intra-own 0.29 (AE 0.09), N = 24 pots, t = 0.48, P = 0.63).
Discussion
This study shows that small-scale variation in the local soil environments created by the presence or absence of a dominant aromatic shrub can affect the outcome of the interaction between two subsidiary plant species by shifting the species' competitive ranks. Crucial for this result was the division of intraspecific competition into competition between genetically related (intra-own) and non-related (intra) individ- uals. We argue below how the interaction with genetically related individuals (i.e. kin interaction) and the way this interaction was modified by the soil environment strengthened the niche partitioning of the two species onto each of their local soil, thereby stabilizing coexistence at the landscape level. In our argumentation, we use survival as a proxy for fitness.
Albeit not a perfect estimate of fitness, the fact that both study species are annuals and selfing makes survival until reproduction an important fitness component.
C O E X I S T E N C E W I T H A N D W I T H O U T T H Y M E I N T H E C O M M U N I T Y
One classical approach to study coexistence between two ecologically equivalent species is to examine the effects of interversus intraspecific competition. When there is some degree of niche partitioning among species, interspecific competition can be less intense than intraspecific competition, favouring local species coexistence. Disregarding the competition treatment 'intra-own', we find that in a soil environment without thyme, intraspecific competition is larger than interspecific competition in both species (Fig. 1, survival inter > intra). This type of pattern is expected to favour local coexistence of the two species in no-thyme patches. However, this prediction is not taking into account the fact that intraspecific competition could often involve genetically related (intra-own) rather than unrelated (intra) individuals. Indeed, limited seed dispersal in highly selfing species can generate marked local population structure (Hamrick & Godt 1996) . Our results show that M. minima exhibits increased survival when growing in proximity with a kin (Fig. 1 , intra-own on no-thyme soil). Medicago minima exhibits thus a form of kin facilitation that would make patches of genetically related M. minima genotypes more resistant to invasion by M. rigidula. On the contrary, competition within M. rigidula is much more intense among kin than among non-kin, as would be expected if kin had more similar resource requirements and no mechanism of facilitation. Any patch of M. rigidula on nonthyme soil would then be highly vulnerable to invasion by M. minima individuals. Overall, whenever M. minima forms local patches of related individuals, it should dominate on non-thyme soil and exclude M. rigidula.
If we instead consider thyme soil environments, and first disregard the interaction with relatives (intra-own), the survival of each species under intraspecific competition is again lower than the survival of the other species under interspecific competition. This tends to make a patch of each species easier to invade by individuals of the other species. However, this is no longer the case if we also consider kin interaction (intra-own) as the most dominant mode of intraspecific competition. In that case, M. rigidula should exclude M. minima, as a patch of genetically related M. rigidula individuals cannot be invaded by M. minima immigrants (Fig. 1, Thyme soil: M. rigidula intraown survival is larger than M. minima inter survival), whereas patches of M. minima (of kins or non-kins) are vulnerable to invasion by any M. rigidula. Overall, whenever M. rigidula forms local patches of related individuals, it should dominate on thyme soil and exclude M. minima, exactly mirroring the situation on no-thyme soil, but switching the species.
P O P U L A T I O N S T R U C T U R E A N D P R E V A L E N C E O F K I N I N T E R A C T I O N S
The outcome of plant-plant interaction between these two species are thus critically dependent on whether intraspecific competition occurs mostly among kin-or non-kin individuals, that is the level of population structure at a small spatial scale. Fruits of both Medicago species have small spines that attach to the fur of animals. However, fruits that are not dispersed stay on the mother plant, and the many seeded fruits often remain attached to the dead mother plant (pers. obs.). This has two important consequences. First, it increases the frequency of interaction with genetically identical individuals thus making our results from the intra-own competition condition highly relevant. As seeds are produced through selfing, the seeds germinating in the soil around a dead mother plant would likely be identical genotypes. If genotype diversity within a site is also low, as is often the case for annual selfers (Schoen & Brown 1991; Hamrick & Godt 1996) , even fruits that originate from other maternal plants are likely to contain genetically identical seeds.
In the Mediterranean annual and selfing Medicago truncatula (also growing in the same habitat, and resembling closely the two species studied here in morphology and life history) population, genetic studies found repeatedly that most populations consist of just onea few genetically differentiated inbred lines (see Bataillon & Ronfort (2006) where >100 populations were examined). Moreover, when several genotypes are found coexisting in a population, they grow mainly in separate patches with each patch consisting of many individuals of the same genotype (Bonnin et al. 2001; Siol et al. 2007 ). In M. truncatula, the fruits also remain attached to the mother plant and can be found buried in the soil still attached to the withered branches of the dead mother plant (Bataillon & Ronfort 2006) . Thus, in this ecologically, morphologically and phylogenetically very close species, low dispersal from maternal plants create local patches of genetically related individuals (Bonnin et al. 1996) . Although we could not find any population genetic studies of our two study species, we find it most likely that M. minima and M. rigidula would have a population genetic structure very similar to that of M. truncatula.
L O C A L A D A P T A T I O N V I A F A C I L I T A T I O N
Species coexistence between M. rigidula and M. minima could in principle be due to a simple pattern of local adaptation with each species performing better in a specific habitat (thyme vs. non-thyme soil). Such specialization would locally favour the better adapted species depending on the habitat, and the global maintenance of both species in a natural landscape would be possible if dispersal is low enough compared to the spatial scale of thyme-no-thyme microenvironments (Levins 1968; Lenormand 2002) . Across competition treatments, M. minima survive better than M. rigidula on no-thyme soil, whereas on thyme soil M. rigidula has the highest survival. This suggests indeed that the two Medicago species may have adapted to each of their soil type (either through local adaptation of the plants themselves or through association with microbiota that tolerate or do not tolerate thyme compounds). However, when the results are examined more closely, we find that, ignoring interactions with kin, the two species behave as if they had a niche partition within each soil type and not between: on both soils, we find that interspecific competition is lower than intraspecific competition, a pattern inconsistent with simple specialization of the two species (where we would expect fitness of the least adapted species under interspecific competition < fitness of the most adapted species under intraspecific competition within each habitat). In fact, we recover a pattern of local adaptation of each species to its local habitat only when kin effects are considered. Our results suggest that local maintenance in specific soil environments depends on each species being able to suppress interspecific competition by creating facilitation with genetically related individuals (kin facilitation). Genotypes that exhibit kin facilitation should be more resistant to invasion by other genotypes and therefore should be able to persist over evolutionary time. However, we found that this kin facilitation is most pronounced in M. minima, and for both species depends on being in their preferred soil microenvironment. When transplanted in the alternative soil environment, interaction with genetically related plants becomes harsh, or even harsher than, competition with unrelated individuals. Coexistence of the two species at the landscape level may therefore rely on the fact that thyme modulates the kin competition/facilitation within each species. This local adaptation by facilitation, such as other forms of local adaptation, works better with low dispersal, but in this case just because it allows facilitation effects to take place.
The interpretation of our results in relation to coexistence considers the effect of genotype-dependent kin interactions, and how these are indirectly affected by thyme via its modification of the local soil environment. Clearly, in nature, both direct effects of thyme and the presence of other plant species in the community may affect this interpretation. The shifts in competitive ranks we observe for survival points to a stabilized niche partitioning of the two Medicago species into thyme and no-thyme soil environments. However, we do not know if these differences in survival are sufficient to promote coexistence, or could be cancelled by different patterns on other fitness components.
C H A N G E I N H A B I T A T Q U A L I T Y V E R S U S C R E A T I O N O F H E T E R O G E N E I T Y
Direct effects of dominant shrubs in semi-arid environments are often reported to have an overall positive impact on species richness via amelioration of local growing conditions such as increased nutrient and moisture (Callaway 2007) . Improved local growing conditions can increase plant density which results in indirect negative effects of the dominant plant on subsidiary species that experience more intense competition from other plants (Sch€ ob, Armas & Pugnaire 2013) . For instance, the nurse shrubs Retama sphaerocarpa and Arenaria tetraquetra both show a positive direct effect on species occurrence, but negative indirect effects among beneficiary species resulting in an overall higher species occurrence. However, in some instances, a species-specific positive indirect effect was observed. The grass Avena sterilis became the dominant beneficiary species of Retama shrubs reducing species occurrence of other beneficiary plants. This local dominance possibly arose via a combination of positive nurse effect and intraspecific facilitation among A. sterilis plants (Sch€ ob, Armas & Pugnaire 2013) . Thyme soil is richer in nitrogen and organic matter than no-thyme soil (Ehlers & Thompson 2004 ) and harbours a more species-rich plant community (Ehlers, Charpentier & Grøndahl 2014) . Several results suggest that competition is more severe on thyme soil. First, the RII estimates were consistently lower on thyme soil compared to no-thyme soil. Secondly, comparing plants grown alone to plants grown with a competitor showed no difference in biomass on no-thyme soil, but a significantly larger biomass of plants grown alone on thyme soil. However, thyme soil also contains allelochemicals that can impair germination and growth of associated plants (Tarayre et al. 1995; Linhart et al. 2015) . Variation in sensitivity to the thyme allochemicals among beneficiary species can further create speciesspecific responses affecting plant-plant interactions. The impact of leaf litter leachates from Pinus ponderosa (also containing allelochemicals) on the interaction between two invasive plants (Bromus and Centaurea) in North America was studied by Metlen, Aschehoug & Callaway (2012) . The two species coexist in nature, but Centaurea is more abundant than Bromus on soil outside of the pine litter zone, whereas brome is more abundant than Centaurea on pine soil. Allelochemical effects of pine litter inhibited both species but the suppressing effect was strongest on Centaurea. The intensity of competition was similar for the two species on soil without pine litter. However, on soil containing pine litter, the competitive effect of Centaurea on Bromus was eliminated, whereas the competitive effect of Bromus on Centaurea was not. Pinus litter indirectly facilitated Bromus by more strongly inhibiting Centaurea. In this study, we did not find that overall competitive effects of one species differed from the other on any of the soil types (i.e. we found no effect of species or interaction between species and soil on RII estimates). Instead, we found that the variation in intraspecific competition was modified by thyme soil. Thyme soil eliminated the positive (facilitative) effect of kin interaction in M. minima and suppressed the negative effects of interaction between relatives in M. rigidula. This variation in positive kin interactions between soil types switched the competitive rank of the two Medicago species strengthening the niche partitioning onto each their soil type.
T H E I M P O R T A N C E O F N E I G H B O U R G E N O T Y P E I D E N T I T Y
In theory, variation in competitive ability among genotypes can lead to intransitive competitive hierarchies at a local scale allowing coexistence of competitors at larger scales (Vellend & Geber 2005) . When a species consists of several different genotypes, total exclusion of a species would mean exclusion of all its genotypes in all microenvironments where they cooccur. Species coexistence is promoted if the effect of interversus intraspecific competition changes with the genetic identity of the competitor precluding one species to be always superior across all combinations of genotypes and microenvironments.
However, the general importance of the genetic identity of a competitor is still unresolved. Some studies show significant effects of competitor genotype on the performance of a focal species (Fridley, Grime & Bilton 2007; Lankau & Strauss 2007; Lankau et al. 2011; Genung, Bailey & Schweitzer 2012) , while others report no such effect (e.g. Cahil, Kembel & Gustafson 2005) . A number of recent studies found that plants could exhibit kin recognition, being able to identify other plants of the same species and avoiding competition with kin relative to non-kin (Dudley & File 2007; Biedrzycki et al. 2010; Semchenko, Saar & Lepik 2014) . Studies on root behaviour and root growth pattern have found that plant roots avoid direct contact with the roots of a related, but not of unrelated individuals (Mahall & Callaway 1996; Dudley & File 2007; Chen, During & Anten 2012) . This root behaviour reduces direct interference and competition for resources with related individuals, and has thus potentially a large impact on species coexistence by creating positive frequency dependency among patches of genetically related conspecifics. However, if in our study, either the resources or the allelochemical compounds from thyme were not homogenously distributed within a pot, one individual's root system could 'monopolize' a good soil environment, as it would not be exploited by roots of a related individual. Root avoidance towards kin may in that case result in a more asymmetrical competition compared to unrelated individuals where root proliferation is not suppressed. This could potentially explain our somewhat unexpected finding: that the difference in biomass between related M. minima growing in the same pot was actually larger than the difference in biomass of two unrelated individuals when growing on thyme soil. However, further studies directly focusing on the root behaviour of related versus unrelated genotypes in different soil environments are needed to verify whether the study species we used exhibit kin recognition. Other mechanisms, for example variation in resource requirements and in acquisition among conspecific genotypes generating variation in fitness differences, could also modulate the outcome of intraspecific competition without invoking specifically kin recognition.
To conclude, this study shows that the importance of intraspecific competition relative to interspecific competition can be highly dependent on the genotype identity of intraspecific competitors and on the local environment in which their interaction occurs. The local environment itself can be modified by members of the plant community acting as community engineers. When neglecting variation in intraspecific competition and small-scale variation in microhabitats, we might overlook important mechanisms for species coexistence.
